Abstract-Cerium-doped YAlO3:Ce (YAP:Ce) is an interesting oxide scintillator that exhibits a wider range of light yield nonproportionality on a sample-to-sample basis than most other well-known oxide scintillators. In general, most oxide materials, such as Bi4Ge3O12 and Lu2SiO5:Ce, are thought to have an intrinsic proportional response that is nearly constant between samples and independent of growth conditions. Since light yield nonproportionality is responsible for degrading the achievable energy resolution of all known scintillators, it is important to understand what contributes to the behavior. In an attempt to understand if the phenomenon can be affected by growth parameters or by other means, seven samples of YAP:Ce were collected from various sources, and eight samples were grown in-house using the Czochralski method. Based on optical and scintillation measurement as well as direct measurement of the cerium concentration, it was determined that the light yield proportionality in YAP:Ce is strongly related to the cerium concentration. Samples that were found to have higher relative cerium concentration displayed a more proportional light yield response. In addition, it was determined that samples with higher cerium concentration also exhibit a faster decay time and an enhanced energy resolution when compared to samples with less cerium. It was also determined that growth in a reducing atmosphere can effectively suppress a parasitic optical absorption band.
I. INTRODUCTION

L
IGHT yield nonproportionality is an observed behavior in all known scintillation materials that is manifested as a nonlinear relationship between incident particle energy and light yield. This phenomenon was first studied in the 1950s, and the original focus was on the light yield's dependence on particle type [1] . However, it was soon discovered that the response was also dependent on the energy of the incident radiation. In the 1960s, it was concluded that the nonproportional behavior was strongly linked to ionization density, and in 1961, Moses et al. [1] and Zerby et al. [2] first reported light yield nonproportionality as a source of energy resolution broadening in scintillation detectors. In the last two decades, the phenomenon has received renewed attention after the discovery of cerium-doped Lu2SiO5:Ce (LSO:Ce). LSO:Ce was initially observed to have a light output that was more than 4 times that of Bi4Ge3O12; however, the two crystal compositions were found to have similar energy resolution. This measurement implied that the energy resolution of LSO:Ce was not dominated by counting statistics but by some other factor [1] . Dorenbos et al. [3] demonstrated that the poor energy resolution of LSO was a result of a high degree of nonproportionality.
Until recently, light yield nonproportionality has been thought of more as an intrinsic scintillator property rather than a property that can be engineered; however, recent work has shown that in halide materials, the nonproportional response can be tuned via co-doping [4] . In this paper, we focus on an oxide scintillator, YAlO3:Ce (YAP:Ce), that has displayed excellent proportionality and energy resolution for selected samples. For instance, Kapusta et al. [5] reported an energy resolution of 4.38% at 662 keV and a light yield response that was proportional within 2%. Mengesha et al. [6] obtained a similar result on a different YAP crystal in which they observed only 1.5% deviation from linearity although the energy resolution was not reported. Mares et al. [7] reported the light yields and, in some cases, the energy resolutions of 25 YAP:Ce crystals with various Ce concentrations, but they did not report on nonproportionality. Our group recently reported that YAP:Ce can exhibit a significant sample-tosample variation in light yield nonproportionality, although the best samples are indeed quite proportional [5] . In an effort to better understand the factors that contribute to the variable nonproportional behavior in YAP:Ce, a total of 15 samples with a range of nonproportional responses have been collected or fabricated in-house; seven of the samples were purchased or loaned from several sources, and eight of the samples were grown in-house using the Czochralski method. A variety of optical, scintillation, structural, and defect-related measurements were made for each of the samples in order to determine the source of the nonproportional behavior, in hopes that it may lead to knowledge that can be used to enhance the 0018-9499 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. response of YAP:Ce and perhaps the other oxide scintillation materials.
II. SAMPLE INFORMATION AND GROWTH
Many of the samples were grown in-house in order to better understand the variable nonproportionality that has been observed in YAP:Ce [5] . Most of the samples that were purchased or loaned for this paper are more than 10 years old. As a result, little or no information was available regarding the original growth conditions; however, these samples were characterized in [5] , where it was determined that several exhibited good light yield proportionality. Table I gives the sample identifier and size of the seven samples collected for this paper. The sample light yield nonproportionality was measured as discussed in Section III-A. We are fairly confident that all of the collected samples which displayed a nearly ideal light yield proportionality (C02, C03, and C04) were grown at Crytur Ltd., Turnov, Czech Republic. Samples C02 and C03 were grown before 1999, and the growth date of sample C04 is unknown.
All of the samples made in-house were grown via the Czochralski method using a Cyberstar Oxypuller, as shown in Fig. 1 . Crystal S160 was the first sample grown for this paper and was used as a control sample. In all subsequent growths, a single parameter was varied in order to determine its relative impact on nonproportionality and performance as a whole. Sample S160 contained 0.5% Ce in the melt. This initial cerium concentration was chosen based on a set of literature data which demonstrates that single-crystalline YAP:Ce can be grown with a Ce concentration of 0.5 atomic percent [6] . All crystals grown in this paper were grown in an iridium crucible. In all but one growth, the crucible size was approximately 60 mm in diameter with a height of approximately 60 mm, and in each case, enough raw material was added so that the crucible would be filled to 7 mm from the top after the initial loading. The growth atmosphere was composed of bulk nitrogen with a small amount of oxygen. A small residual oxygen concentration is generally beneficial for oxide materials since it helps to prevent the formation of oxygen vacancies. Table II gives a list of all samples grown in-house and the relevant growth conditions for each sample compared with the reference sample.
For two of the crystals, 2% excess Y was added to the melt; this is a common approach reported in [7] - [9] to attempt to suppress formation of an alternative garnet phase, Y3Al5O12:Ce (YAG:Ce), that can be produced from a yttrium deficient YAP:Ce mixture. In this case, the YAG:Ce is formed as the yttrium volatizes from the melt; this leaves the residual melt in a yttrium deficient state. Samples S184 and S163 were grown with a comparably higher or lower cerium concentration of 0.8% or 0.1% Ce. Crystal S163 was grown in a smaller crucible compared with the reference sample since no larger crucibles were available; the smaller size of this crucible could have led to a relatively higher thermal gradient, which may have had some impact on the scintillation performance. Sample S162 was grown using a different insulation design, which resulted in lower thermal gradient. It was not possible to characterize this crystal because it was cracked throughout the entire boule and lacked transparency. Based on this result, it seems likely that a substantial thermal gradient is needed to produce a single quality single crystal of YAP:Ce. Since Petit et al. [10] report that co-doping with Zr 4+ can lead to improved optical and scintillation performance, sample S179 was co-doped with 80 ppm of Zr for comparison. Although we do not believe that any of the collected samples were intentionally co-doped, it is possible that zirconium could have unintentionally contaminated the melt, since ZrO2 is a common insulation material used in the Czochralski growth. Sample S175 was grown in a reducing atmosphere that contained 2.045% hydrogen in bulk argon in an attempt to improve the light yield. Various literature reports indicate that growth in a reducing atmosphere can suppress the parasitic defect-related absorption band centered at 320 nm that partially overlaps the cerium emission and leads to a reduced light output and shift in the emission spectrum [5] , [11] - [13] .
III. EXPERIMENTAL PROCEDURE
A. Nonproportionality Figure of Merit
Nonproportionality data were obtained for each of the samples using a source library technique similar to Dorenbos's method as described in [14] . In this case, several radioisotopes were used to calculate the light yield for a set of discrete gamma-ray and X-ray energies. These isotopes included 137 Cs for the 32-and 662-keV energies, 22 Na for the 511-keV energy, 133 Ba for the 356-keV peak, 109 Cd for the 88-keV peak, and 57 Co for the 122-keV peak. The final figure of merit (FOM) was determined by the square root of the quadrature summation of the deviation from linearity at each energy. Our calculation differs from [14] by a constant because we did not normalize it by the number of data points since each sample was tested using the same set of discrete gammaray energies.
B. Thermoluminescence Measurements
Thermoluminescence (TL) measurements were made for several of the samples in order to better understand if the defect structure was affecting the light yield nonproportionality. Unlike previous measurements reported in [5] , the sample size varied between measurements, which could lead to fluctuations in TL intensity by more than an order of magnitude among the samples. The intent of this measurement was not to determine quantitative defect concentrations; instead, the focus was to determine which TL peaks were present and their relative intensity for a given sample. For each measurement, a silver thermal epoxy, Epotek H20E, was used to mount a sample to the cold finger of an Advanced Research Systems, Macungie, PA, USA, cryostat (model DE2020AE). Before measuring, the entire cryostat was placed into a light-tight enclosure. The pressure was reduced to 20 m · torr in order to reduce convective heat transfer, and the temperature was raised to 550 K in order to empty the electron and hole traps in the temperature range of interest. The samples were then cooled to 9 K. Each sample was irradiated by an X-ray generator (Source 1 X-ray Model CMX003) operated at 35 kV and 0.1 mA for 15 min in order to fill the electron/hole traps within the crystal. The sample was then heated to 550 K at a rate of 9 K/min. The sample's light output was monitored with a Hamamatsu H3177 PMT that was optically coupled to the cryostat. Custom electronics were used to convert PMT's current signal into a voltage signal; the resulting voltage signal and temperature were continuously monitored and stored. The temperature value was read from a Lakeshore 302 controller, and the National Instruments 6002-E data acquisition card was used to digitize the voltage signal.
C. Optical Absorption
Optical absorbance measurements were made using a Varian Cary 5000 UV-VIS-NIR spectrophotometer. The entire measurement chamber was purged with nitrogen gas so that absorption data as low as 200 nm could be obtained without interference from atmospheric O2. Six of the samples were cut into cross-sectional slabs with a target thickness of 0.8 mm and polished using fine grit sandpaper and a diamond polishing compound; however, the actual sample size varied between 0.6 and 0.87 mm after cutting and polishing. This variation occurred because our in-house saw was unable to cleanly cut through each sample. The sample size was recorded so that the measured absorption spectra could be normalized accordingly.
D. Photoluminescence Decay Time
Photoluminescence measurements were conducted in order to determine the Ce lifetime of each of the samples.
The measurements were conducted using a Horiba Jobin Yvon Fluorolog and Fluorohub, and the fitting was made using the associated DAS6 software. The excitation was produced using a 333-nm nano-LED, and the emission was filtered to 380 nm using a monochromator. For each measurement, data were collected until the maximum-amplitude bin had accumulated 10 000 counts. The measurement was then repeated several times to ensure that the results were precise.
E. Scintillation Decay Time
The scintillation decay time was measured for each of the samples using the Bollinger-Thomas time-correlated singlephoton counting system. All of the samples were measured consecutively, and the integrity of the system was verified using a calibrated standard before and after the measurements. All of the samples grown in-house were cut into 5×5×5 mm 3 for this measurement; however, the sizes of the collected samples varied since limited quantities were available. The sizes of the collected samples are listed in Table I . In [5] , experiments were conducted to determine the effect of sample size on decay time in YAP:Ce, and it was determined that sample size has only a minor impact on the measured decay time. Although these samples were found to have significant optical absorption around the scintillation wavelength, the absorption is parasitic, and it does not lead to re-emission or lengthening of the measured decay time in large samples.
F. Light Output
Relative light output and energy resolution measurements were made using a simple pulse processing chain. An R2059 photomultiplier was used to collect the light, and it was operated with a bias of −1.5 kV supplied from an Ortec 556 high-voltage power supply. For each measurement, a hemispherical Spectralon reflector with a diameter of approximately 7 cm was used to ensure good light collection. The anode signal from the PMT was connected to a Canberra model 2005 preamplifier using a 1-m-long 50-BNC cable. The preamplifier output was in turn input into an Ortec model 672 spectroscopy amplifier that was operated with a shaping time of 2 μs and a total gain of 10. Each sample was excited using a 20 μCi 137 Cs source at a distance of approximately 5 cm, and the relative light output was determined as the centroid channel of the 662-keV photopeak after 2 min of acquisition.
G. X-Ray Diffraction Measurements
After several of the in-house Czochralski growth runs, a residual green/yellow coloration was observed in the residual melt within the crucible. Since the garnet phase has a yellow coloration and yttrium is known to volatize from the melt, it seemed likely that the yellow coloration was the result of garnet phase formation in the residual melt. In order to verify whether the as-grown and collected samples contained trace amounts of the garnet phase within the sample boule, X-ray diffraction measurements were performed using a Bruker D2 Phaser to collect the diffraction patterns, and PDF4+ software was used to analyze the resulting data. No detectable garnet phase was observed; however, the system resolution was limited so that a garnet phase concentration of less than 5% would be difficult to detect. It is possible that even a small concentration of the garnet phase could have a significant effect on the measured energy resolution and light yield nonproportionality.
H. Direct Ce 3+ Measurements
Direct measurements of the Ce 3+ concentration were performed using fluorescence-detected X-ray absorption spectroscopy at the Advanced Light Source (ALS), Berkeley, CA, USA. Only four of the samples (C03, S175, C06, and S163) were measured as a result of limited beam time; samples were chosen which best spanned the range of observed light yield nonproportionality. In this type of measurement, a sample is scanned using a monochromatic light source in the energy range of the Ce M4, 5 absorption edges at 0.1-eV increments. The monochromatic beam has an approximate full-width at half-maximum of 0.2 eV, which is well below the lifetimelimited natural linewidth of the Ce energy levels. The resulting fluorescence is measured for 10 s at each incident energy, and the resulting number of counts is binned according to energy. The number of counts is then summed under a region of interest, which was optimized to improve both the signal-to-noise ratio and included events around the Ce 5p-4d fluorescence lines. The number of counts at each scan energy can then be used to infer the relative amount of Ce 3+ in each sample. Details of this measurement technique are given in [15] and [16] .
IV. RESULTS AND DISCUSSION
The measured nonproportionality FOM for 14 of the samples used in this paper is given in Table III , and a complete source library response for select samples is shown in Fig. 2 . A wide variation in the nonproportional response was observed, with several samples displaying a nearly ideal response and other samples displaying a relatively poor response. It should be noted that larger nonproportionality FOM is indicative of a poorer proportional response. Included in Fig. 2 are the best and worst responses that were observed in this paper. In [5] , the varying nonproportional behavior was validated using an electron response measurement. The data for the four samples analyzed at the ALS are plotted against the measured nonproportionality FOM in Fig. 3 . The measurement was only able to provide a relative Ce 3+ concentration, and the resulting data were normalized so that sample C03 had a relative cerium concentration of 100%. From the data, a clear correlation was observed between the measured proportionality and the cerium concentration for these four samples. Based on the data, cerium was not observed in the Ce 4+ oxidation state. In order to develop an estimate of the relative cerium concentration of the remaining samples, absorption measurements were conducted on a select group of the remaining samples. Some samples were unable to be analyzed because of size constraints. The measured absorption spectra of six samples are shown in Fig. 4 . Although the sample thickness varied, the spectra were normalized by dividing the measured absorbance by the sample thickness. The spectra are similar in all of the samples; however, the data from sample C01 provide evidence of an additional absorption band at approximately 220 nm that is unique to this sample. In five of the samples, the Ce 3+ 4f-5d1 optical absorption band, located around 300 nm, was saturated as a result of sample thickness; however, the absorption band related to the Ce 3+ 4f-5d2 transition located at approximately 240 nm did not saturate, and it was used to estimate the Ce 3+ concentration using the relative intensity of the optical absorption. For each of the samples that were grown in house with a known cerium concentration, the relative intensity of the 4f-5d2 absorption band was found to provide an estimation of the relative Ce 3+ concentration. For all but one sample, the relative height of the 240 nm optical absorption band was correlated with the measured nonproportionality FOM, which provides further evidence that sample proportionality is likely correlated with the Ce 3+ concentration of the samples. The only sample that does not match this trend is sample C01, but this is likely because the unique absorption band at 220 nm increased the apparent magnitude of the cerium 4f-5d2 optical absorption band. Although these results provide evidence that the sample nonproportionality and Ce 3+ concentration are linked in these samples, it is difficult to obtain quantitative information using this methodology because of both noise and underlying absorption bands in this region.
The same absorption measurements are shown in Fig. 5 , normalized by absorbance instead of by thickness. On this scale, the reported optical absorption band centered at approximately 320 nm was observed [5] , [9] , [11] , [12] . The reported absorption band takes the form of a "tail" extending from the Ce 3+ absorption band edge up to approximately 400 nm. This absorption band was found in all of the samples grown in-house other than sample S175, which was grown in a reducing atmosphere. This finding is consistent with [9] , [11] , and [12] , which reports that this optical absorption band is related to a cation vacancy that can be suppressed by growth or annealing in a reducing atmosphere. Based on this evidence, it is likely that samples C01-C04, which do not display this optical absorption band, were also grown in a reducing atmosphere. Additional annealing experiments were conducted in an attempt to suppress this absorption band, but no substantial improvements were observed. The measured relative light output of each sample is given in Table IV . The uncertainty in the light output is less than 5%, calculated as the standard deviation over the square root of the total counts in the full-energy peak; however, the sample size is expected to impact the measured values significantly. The sample size for the S-samples was approximately 5 × 5 × 5 mm 3 , but the size of the collected samples varied (shown in Table I ). Several factors were found to be important in determining the light output of YAP:Ce. The biggest factor seems to be the relative magnitude of the parasitic optical absorption band discussed previously. In [5] , it was observed that the optical absorption band is so effective at absorbing emitted light that it can effectively shift the Ce 3+ emission peak by as much as 20 nm. As a result of the parasitic optical absorption, sample size was also found to be a key factor in determining the relative light output; larger samples will lose higher fraction of the scintillation light on average. The third factor, which is more subtle, is the Ce 3+ concentration. The more proportional samples seem to have higher light output, and the sample grown in house with the lowest cerium concentration also shows the lowest light output.
The measured TL response for several samples is shown in Fig. 6 . All of the samples displayed three prominent peaks at approximately 105, 150, and 440 K in addition to a variety of low intensity peaks between 175 and 400 K that were not present in all samples and may be related to the varying stoichiometry of the melt [18] . It was found that the position of the peak at approximately 105 K varied among the measured samples, and the relative intensity of the 150-K peak relative to the 105-K peak was found to vary from sample to sample. Based on the literature reports that have analyzed the effect of Ce 3+ concentration on the TL spectrum of YAP:Ce [17] , it seems that both of these effects can be explained by varying Ce 3+ concentration. In [17] , it was shown that increasing cerium concentration results in the 105-K peak shifting to lower temperatures and the 150-K peak increasing in intensity. In our data, both the relative position of the 105-K peak, and the relative intensity of the 150-K peak provide an accurate estimation of the relative Ce 3+ concentration for the samples grown in-house; however, this estimation is once again more qualitative than quantitative as it can only provide the relative magnitude of the Ce 3+ concentration in comparison with other samples. These measurements provide further evidence that the Ce 3+ concentration is linked with the variable proportionality in YAP:Ce. As in the case of the absorption data, the TL data indicate that the more proportional samples have higher Ce 3+ concentration. Table V ; based on repeated measurements, the uncertainty in the Ce 3+ lifetime was estimated to be approximately 0.4 ns. In each case, the cerium lifetime was comprised a single exponential decay. A small but consistent correlation was found between the cerium lifetime and the nonproportionality FOM, with the more proportional samples having a slightly longer Ce 3+ lifetime in comparison with the less proportional samples. Although, this is a very small change, multiple measurements of each sample gave consistent results, indicating that this change is likely a real phenomenon. Although the uncertainty and the measured difference are close in value, in each measurement the three most proportional samples were measured to have longer Ce 3+ lifetime. It has been reported that a change in Ce 3+ concentration can result in a 1-2 ns change in cerium lifetime in Lu0.2Sc0.2BO3:Ce, with longer lifetime corresponding to higher concentrations [19] . Based on the results of our earlier measurements, it seems likely that the longer cerium lifetime in the more proportional samples can be explained by an increased Ce 3+ concentration. It is likely that in YAP:Ce the cerium lifetime is affected by two competing effects. Higher Ce 3+ concentration will lead to higher fraction of reabsorption of emitted light at a different Ce 3+ site, leading to longer lifetime; however, the parasitic optical absorption band overlaps the Ce 3+ excitation resulting in competition with reabsorption at Ce 3+ sites. Therefore, in samples that display higher degree of parasitic optical absorption, a shorter Ce 3+ lifetime is expected.
The observed decay time for each of the samples was found to be comprised two components. The time constant for the longer decay component varied between 100 and 300 ns, and the integral intensity was found to vary between 3% and 24% with most samples falling between 3% and 10%. The secondary component was found to have a little correlation with the sample proportionality; however, the primary decay component was found to be correlated with the nonproportional behavior, as depicted in Fig. 7 . This is likely a function of the variable Ce 3+ concentration in the samples. By comparing the scintillation decay time with the Ce 3+ lifetime, it is evident that in all samples, several nanoseconds are required for the charge carriers to the reach the luminescent Ce 3+ ions, indicating that defects are likely impeding the charge migration.
Based on [20] and [21] , there are several low temperature traps which might be shallow enough to slow the charge carrier migration, but the most likely trap center is located at approximately 105 K. Using literature values for the trap depth and the frequency factor found in [20] and [21] , the lifetime of the 105-K peak (τ ) can be calculated to be either 25 or 81 ns using
where s is the frequency factor, E is the trap depth, k is Boltzmann's constant, and T is the temperature of interest [22] . Since the decay constant of this trap is on the order of the scintillation time, this peak is likely to produce slower decay or secondary components. Shallower traps that decay on the picosecond time scale would be too fast to impact the measured scintillation decay, and deeper traps with a decay time on the microsecond or millisecond time scale or longer would be expected to lead to extra components, afterglow, and light loss. Since the decay time in our samples is correlated with the cerium concentration, it is likely that some form of competition exists between the shallow charge traps, possibly the 105-K trap, and the cerium sites. The relative concentration of the 105-K traps seems to be stable in all samples; however, the relative concentration of Ce 3+ is higher in the more proportional, faster decaying samples.
With an increasing concentration of Ce 3+ ions, there is higher probability of charge capture at a Ce 3+ site rather than at a particular charge trap. With fewer Ce 3+ sites, the charge carriers will have to diffuse further on average leading to higher probability of capture in a shallow defect site, leading to slower overall energy migration
V. RELATIONSHIP BETWEEN ACTIVATOR CONCENTRATION AND LIGHT YIELD NONPROPORTIONALITY
YAP:Ce provides a unique opportunity to better understand the proportional behavior of oxide scintillators, and to understand what physical processes may influence the behavior. It has been demonstrated that the defect structure of alkali halide materials can influence their nonproportionality [4] , while the defect structure seems to have no observable effect on some oxide materials, such as LSO:Ce. Calcium co-doping can effectively remove nearly all observable TL in LSO:Ce; however, it has virtually no effect on the proportional behavior [23] . Outside of YAP:Ce and GGAG:Ce, oxide materials have not been observed to exhibit any significant sample-to-sample variation in proportionality.
Based on the diffusion model of nonproportionality proposed by Williams [29] , oxide materials are expected to behave very differently in terms of picosecond charge carrier dynamics and nonproportionality than halide scintillators [24] , [25] . In oxide materials, it was shown that the nonproportional behavior of the host lattice is dominated by simple diffusion [25] . With enhanced diffusion, charge carriers are able to dilute more rapidly, thus resulting in less concentrationdriven nonlinear quenching. This current model provides an explanation of how the host lattice affects the nonproportional response [26] .
Based on the results obtained in this paper, it seems likely that there could be other mechanisms responsible for the nonproportional behavior of YAP:Ce and possibly oxide materials in general [26] . In this paper, we have shown that activator concentration seems to play an important role in determining the nonproportional response of YAP:Ce. In addition, one study has shown that the activator concentration can have some impact on the nonproportional behavior of LSO:Ce [23] . The effect in LSO:Ce was found to be comparatively less than in YAP:Ce, and the Ce concentration had to be reduced to 0.02% to have an observable effect [23] . Based on the results in this paper, it seems likely that in YAP:Ce, the dominant mechanism in determining the nonproportional behavior is activator saturation [26] . This idea of activator saturation was originally proposed in the 1960s by Murray and Meyer [29] to explain observed quenching in NaI:Tl and CsI:Tl, but it was later determined that activator saturation was not solely responsible for nonproportional behavior [27] . A simple comparison with the activator concentration and the expected charge carrier density shows that the number of charge carriers is comparable with the number of available activator sites in YAP:Ce at moderately high ionization densities. As the activator concentration is reduced or the ionization density is increased, the charge carriers will begin to saturate the Ce 3+ sites in the immediate vicinity of the ionization track, and they will be forced to diffuse further, resulting in more exposure to both deep charge carrier traps as a result of the increased migration distance and more nonlinear quenching as a result of the increased migration time. This is partially evidenced in the decay time measurements of the collected YAP:Ce samples (see Fig. 7 ). With increasing Ce 3+ concentration, competition between Ce 3+ sites and shallow charge traps results in higher fraction of charge carriers becoming localized at Ce 3+ sites relative to shallow defect sites, resulting in faster energy migration and an improved scintillation decay time.
VI. CONCLUSION
In this paper, seven samples of cerium-doped YAP:Ce were collected, and eight samples were grown in order to better understand the underlying mechanisms that lead to an observed sample-to-sample variation in their light yield nonproportionality. Several optical, scintillation, and structural characterizing techniques were employed, and it was determined that the proportionality in these samples was primarily affected by the concentration of Ce 3+ . Samples which were determined to have higher Ce 3+ concentration had a faster decay time, slower cerium lifetime, a shifted TL spectrum, a more intense Ce 3+ 5d2 absorption band, and an improved proportionality. In order to explain this behavior, we offered an explanation that would expand on the current diffusion model proposed by Williams, in order to include the effects of deep charge trapping and the activator concentration [24] - [26] .
